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/DVHU6ROLG,QWHUDFWLRQV

*XR4LDQ/LDR<X7RQJ/L<L+DQJ=KDQJ+DR/LX;X/HL*H6X<DQJ:HQ4LQJ
:HL;LDR+XL<XDQ<DQ4LQJ'HQJ%DR-XQ=KX=KH=KDQJ:HL0LQ:DQJ
=KHQJ0LQJ6KHQJ/L0LQJ&KHQ;LQ/X-LQJ/RQJ0D;XDQ:DQJDQG-LH=KDQJ
%HLMLQJ1DWLRQDO/DERUDWRU\IRU&RQGHQVHG0DWWHU3K\VLFV,QVWLWXWHRI3K\VLFV&KLQHVH
$FDGHP\RI6FLHQFHV%HLMLQJ&KLQD 
.H\/DERUDWRU\IRU/DVHU3ODVPDV0R(DQG'HSDUWPHQWRI3K\VLFVDQG$VWURQRP\6KDQJKDL
-LDR7RQJ8QLYHUVLW\6KDQJKDL&KLQD
&ROOHJHRI6FLHQFH1DWLRQDO8QLYHUVLW\RI'HIHQVH7HFKQRORJ\&KDQJVKD&KLQD
683$'HSDUWPHQWRI3K\VLFV8QLYHUVLW\RI6WUDWKFO\GH*ODVJRZ*1*8.
&ROODERUDWLYH,QQRYDWLRQ&HQWHURI,)6$&,&,)6$6KDQJKDL-LDR7RQJ8QLYHUVLW\6KDQJKDL
&KLQD


    &RKHUHQW WUDQVLWLRQ UDGLDWLRQ LQ WKH WHUDKHUW] 7+]UHJLRQZLWKHQHUJLHVRIVXEP-SXOVHKDV
EHHQGHPRQVWUDWHGE\UHODWLYLVWLF ODVHUGULYHQHOHFWURQEHDPVFURVVLQJWKHVROLGYDFXXPERXQGDU\
7DUJHWVLQFOXGLQJPDVVOLPLWHGIRLOVDQGOD\HUHGPHWDOSODVWLFWDUJHWVDUHXVHGWRYHULI\WKHUDGLDWLRQ
PHFKDQLVPDQGFKDUDFWHUL]HWKHUDGLDWLRQSURSHUWLHV2EVHUYDWLRQVRI7+]HPLVVLRQVDVDIXQFWLRQ
RIWDUJHWSDUDPHWHUVDJUHHZHOOZLWKWKHIRUPDWLRQ]RQHDQGGLIIUDFWLRQPRGHORIWUDQVLWLRQUDGLDWLRQ
3DUWLFOHLQFHOOVLPXODWLRQVDOVRZHOOUHSURGXFHWKHREVHUYHGFKDUDFWHULVWLFVRI7+]HPLVVLRQV7KH
SUHVHQW7+]WUDQVLWLRQUDGLDWLRQHQDEOHVQRWRQO\DSRWHQWLDOWDEOHWRSEULOOLDQW7+]VRXUFHEXWDOVRD
QRYHOQRQLQYDVLYHGLDJQRVWLFIRUIDVWHOHFWURQJHQHUDWLRQDQGWUDQVSRUWLQODVHUSODVPDLQWHUDFWLRQV

3$&6QXPEHUV.G<H'N

7RZKRPFRUUHVSRQGHQFHVKRXOGEHDGGUHVVHG(PDLO\WOL#LSK\DFFQDQG[LDRKXL\XDQ#VMWXHGXFQ



+LJK SRZHU WHUDKHUW] 7+] VRXUFHV FDQ VHUYH DV D XQLTXH WRRO >@ LQ WKH H[SORUDWLRQ RI
FRQGHQVHGPDWWHUG\QDPLFV>@ELRPHGLFDOLPDJLQJ>@DQGZLUHOHVVFRPPXQLFDWLRQV>@2YHU
WKH ODVW GHFDGHV UHODWLYLVWLF HOHFWURQ EHDPV IURP FRQYHQWLRQDO DFFHOHUDWRUV KDYH EHHQ DSSOLHG WR
JHQHUDWH VWURQJ 7+] UDGLDWLRQ WKURXJK YDULRXV PHFKDQLVPV VXFK DV WUDQVLWLRQ UDGLDWLRQ >@
&KHUHQNRYUDGLDWLRQ>@V\QFKURWURQUDGLDWLRQ>@GLIIUDFWLRQUDGLDWLRQ>@HWF7KHHQHUJ\RI7+]
SXOVHVWKURXJKWUDQVLWLRQUDGLDWLRQLQOLQHDUDFFHOHUDWRUVKDVUHDFKHGaȝ-SXOVH>@ 

5HODWLYLVWLFHOHFWURQEHDPVFDQDOVREHJHQHUDWHGLQWKHLQWHUDFWLRQVRILQWHQVHODVHUSXOVHVZLWK
ORZGHQVLW\JDVRUKLJKGHQVLW\VROLGWDUJHWV)RUJDVWDUJHWVHOHFWURQVFDQEHDFFHOHUDWHGWRD*H9
HQHUJ\OHYHOZLWKZDNHILHOGV>@:LWKVXFKDQHOHFWURQEHDP/HHPDQVHWDOKDYHREVHUYHGD
a ȝ- 7+] SXOVH WKURXJK WUDQVLWLRQ UDGLDWLRQ >@ 6WURQJ 7+] UDGLDWLRQ IURP ODVHUVROLG
LQWHUDFWLRQV KDV DOVR EHHQ GHPRQVWUDWHG >@ &RPSDUHG ZLWK WKH FDVHV RI JDV WDUJHWV
HOHFWURQEHDPV IURPVROLGWDUJHWVKDYHPXFKKLJKHUFKDUJHXSWRQ&ȝ&5HFHQWO\7+]UDGLDWLRQ
ZLWKHQHUJLHVRI!ȝ-KDVEHHQUHSRUWHGIURPWKHUHDUVXUIDFHRIDIRLOWDUJHW>@6LQFHWKH
7+] \LHOG LV IRXQG WR EH FRUUHODWHG ZLWK WKH VTXDUH RI WKH SURWRQ QXPEHU LW LV DWWULEXWHG WR D
WUDQVLHQW GLSROHOLNH FKDUJH GLVWULEXWLRQ VWUXFWXUH IRUPHG E\ WDUJHW QRUPDO VKHDWK DFFHOHUDWLRQ
716$ UHIHUUHG WR KHUHDIWHU DV 716$ UDGLDWLRQ >@ 2Q WKH RWKHU KDQG LQ SULQFLSOH 7+]
UDGLDWLRQ FDQ EH SURGXFHG HIILFLHQWO\ YLD WKH WUDQVLWLRQ UDGLDWLRQ SURFHVV DW WKH UHDU VXUIDFH RI D
ODVHULUUDGLDWHG WKLQ VROLG IRLO >@ VLQFH ERWK WKH VKRUW HOHFWURQ EXQFK GXUDWLRQ DQG KLJK EXQFK
FKDUJHDUH LGHDO IRU WKLVPHFKDQLVP3UHYLRXVVWXGLHVRQWKHWUDQVLWLRQUDGLDWLRQ IURPVROLGWDUJHWV
PDLQO\FRQFHUQLQWKHRSWLFDOUHJLRQ>@:KLOHWKHUDGLDWLRQLQWKH7+]UHJLPHKDVVRIDUQRW
\HWEHHQYHULILHGH[SHULPHQWDOO\ 

,Q WKLV /HWWHU ZH ZLOO UHSRUW WKH H[SHULPHQWDO GHPRQVWUDWLRQ RI 7+] HPLVVLRQVYLD FRKHUHQW
WUDQVLWLRQ UDGLDWLRQ &75 ZKHQ WKH ODVHUSURGXFHG HOHFWURQ EHDPV SDVV WKURXJK WKH UHDU
VROLGYDFXXP LQWHUIDFH 9DULRXV WDUJHW VWUXFWXUHV DQG SDUDPHWHUV DUH DGRSWHG WR FKDUDFWHUL]H WKH
7+]UDGLDWLRQSURSHUWLHVZKLFKFDQEHZHOOH[SODLQHGE\WKHWKHRUHWLFDOPRGHORI&75

7KH H[SHULPHQW ZDV FDUULHG RXW RQ WKH ODVHU V\VWHP DW WKH /DERUDWRU\ IRU /DVHU 3ODVPDV


6KDQJKDL-LDR7RQJ8QLYHUVLW\)LJXUHVKRZVWKH OD\RXWRIWKHH[SHULPHQWDOVHWXS$-IV
QPSSRODUL]HG ODVHUSXOVHZDV IRFXVHGRQWRVROLGWDUJHWVDWDQ LQFLGHQFHDQJOHRIZLWKD
SHDN LUUDGLDQFHRIaî:FP7KH ODVHUFRQWUDVWUDWLR LQ WKHQV UDQJHZDVa7KH7+]
HPLVVLRQV ZHUH FROOHFWHG DW    DQG  ZLWK UHVSHFW WR WKH WDUJHW QRUPDO DQG WKHQ
UHIRFXVHGLQWRFURVVFDOLEUDWHGS\URHOHFWULFGHWHFWRUV+LJKUHVLVWDQFHVLOLFRQZDIHUVZHUHSODFHGLQ
IURQWRI7+]GHWHFWRUVWREORFNWKHYLVLEOHOLJKW7KHVSHFWUXPDQGSRODUL]DWLRQRI7+]UDGLDWLRQDW
 ZHUH PHDVXUHG E\ D VHWRISUHFDOLEUDWHG ORZSDVV RU EDQGSDVV ILOWHUV DQG D 7+] SRODUL]HU
UHVSHFWLYHO\ 


),*6FKHPDWLFRIWKHWRSYLHZRIWKHH[SHULPHQWDOVHWXS7KH7+]FROOHFWLRQOHQVDQGZLQGRZVDUHQRWVKRZQ
7KHORZHULQVHWVNHWFKHVWKHWKUHHW\SHVRIWDUJHWVXVHG3'S\URHOHFWULFGHWHFWRU3+SLQKROH3(SRO\HWK\OHQH 

7KH716$LRQVZHUHGHWHFWHGE\DQLRQHQHUJ\VSHFWURPHWHUDOLJQHGLQWKHWDUJHWUHDUQRUPDO
 ,PDJHSODWH ,3ZDVXVHGDV WKH LRQGHWHFWRU ,Q VRPH VKRWV WKHDQJXODUGLVWULEXWLRQRI WKH
IRUZDUGHOHFWURQVZDVPHDVXUHGE\DGRXEOHOD\HUHG,3VWDFNVXUURXQGLQJWKHWDUJHW7KH,3VWDFN
ZDVZUDSSHGZLWK$OILOWHUVWRVKLHOGIURPWKHYLVLEOHOLJKWLRQVDQGORZHQHUJ\[UD\SKRWRQV

7KUHH W\SHV RI WDUJHWV ZHUH XVHG LQ WKH H[SHULPHQW SRO\HWK\OHQH 3( PDVVOLPLWHG DQG
PHWDO3(WDUJHWV0DVVOLPLWHGWDUJHWVZHUHȝPWKLFNFRSSHU&XIRLOVZLWKGLIIHUHQWVL]HV7KH
PHWDO3( WDUJHW FRQVLVWHG RI WKUHH OD\HUV D  ȝP WKLFN JROG D  ȝP &X DQG D 3( OD\HU ZLWK


GLIIHUHQWWKLFNQHVVLQWKHUDQJHíȝP 

)LJXUHDVKRZVWKHW\SLFDOIUHTXHQF\VSHFWUXPRI7+]UDGLDWLRQDWIURPWKHPHWDOIRLOV
ZLWKRXWWKH3(OD\HU7KH7+]UDGLDWLRQFRYHUVDEURDGUDQJHXSWR7+]ZKLFKLVGRPLQDWHGE\
WKH ORZIUHTXHQF\FRPSRQHQW 7+])LJXUHE VKRZV WKHGHSHQGHQFHRI WKH PHDVXUHG7+]
LQWHQVLW\ RQ WKH SRODUL]HU DQJOH DQG WKH ILWWLQJ WR FRVLQHVTXDUHG IXQFWLRQ 7KH UDGLDWLRQ LV
HOOLSWLFDOO\ SRODUL]HG PDLQO\ SSRODUL]HG EXW DOVR ZLWK VSRODUL]HG FRPSRQHQWV 7KH VSHFWUDO DQG
SRODUL]DWLRQFKDUDFWHULVWLFVLQGLFDWHWKDWWKHREVHUYHGHPLVVLRQLVQRWWKHUPDO

%OXHFLUFOHV LQ)LJF VKRZWKHW\SLFDO DQJXODUGLVWULEXWLRQRI WKHPHDVXUHG7+]UDGLDWLRQ
IURP WKH PHWDO IRLOV 7KH 7+] UDGLDWLRQ DW  ZDV PHDVXUHG E\ UHSODFLQJ WKH LRQ HQHUJ\
VSHFWURPHWHU ZLWK D VHW RI 7+] GHWHFWLRQ V\VWHP ,W VKRZV DQ DV\PPHWULF ³GRXEOHZLQJOLNH´
GLVWULEXWLRQ7KH7+] LQWHQVLW\DW LV PXFK KLJKHU WKDQ WKDWDW DQGWKH UDGLDWLRQDW LV
VWURQJHUWKDQWKDWDW


),*D([SHULPHQWDOO\PHDVXUHGEOXHFLUFOHGDVKHGDQGVLPXODWHGEODFNVROLGIUHTXHQF\VSHFWUDRIWKH7+]
HPLVVLRQDWIURPWKHPHWDOIRLOVZLWKRXWWKH3(OD\HUE0HDVXUHG7+]LQWHQVLW\EOXHFLUFOHDVDIXQFWLRQ
RIWKH7+]SRODUL]HUDQJOHDQGWKHFRUUHVSRQGLQJILWWLQJFXUYHEODFNGDVKHGZLWKWKHFRVLQHVTXDUHGIXQFWLRQF
7+] UDGLDWLRQ DQJXODU GLVWULEXWLRQV REWDLQHG IURP WKH H[SHULPHQW EOXH FLUFOH QXPHULFDO VLPXODWLRQ EODFN
GDVKHGDQGWKHRU\PRGHOUHGVROLGZKLFKDUHQRUPDOL]HGE\WKH7+]LQWHQVLW\DWG)DVWHOHFWURQDQJXODU
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
GLVWULEXWLRQV REWDLQHG IURP H[SHULPHQWDO PHDVXUHPHQWV EOXH VROLG DQG QXPHULFDO VLPXODWLRQV EODFN GDVKHG
7KHUHGDUURZVLQFDQGGLQGLFDWHWKHODVHULQFLGHQFH 

7R XQGHUVWDQG WKH 7+] UDGLDWLRQ DQG WKH JHQHUDWLRQ RI IDVW HOHFWURQV ZH KDYH SHUIRUPHG
WZRGLPHQVLRQDOSDUWLFOHLQFHOO3,&VLPXODWLRQVXVLQJWKHFRGH./$36>@,QWKHVLPXODWLRQV
D ODVHU SXOVH ZLWK VLPLODU SDUDPHWHUV WR WKH H[SHULPHQW LV LQFLGHQW RQWR D SODVPD VODE ZLWK DQ
H[SRQHQWLDOGHQVLW\LQFUHDVLQJIURPQFWRQFDQGDGHQVLW\VFDOHOHQJWKRI/ ȜRUȜZKHUH
QF LV WKHFULWLFDOGHQVLW\ IRUWKHODVHUZDYHOHQJWKRIȜ6LQFHWKHVLPXODWHGUHVXOWVZLWK/ ȜDQG
ȜDUHVLPLODUKHUHZHRQO\VKRZWKHUHVXOWVRI/ Ȝ$VWURQJTXDVLKDOIF\FOHHOHFWURPDJQHWLF
HPLVVLRQLVREVHUYHGDWWKHUHDURIWKHSODVPDVODE7KHVLPXODWHGVSHFWUXPDQGDQJXODUGLVWULEXWLRQ
DUH VKRZQ LQ )LJ D DQG )LJ F UHVSHFWLYHO\ %RWK RI WKHP DUH LQ DJUHHPHQW ZLWK WKH
H[SHULPHQWDOUHVXOWV 

)LJXUHG VKRZVDQJXODUGLVWULEXWLRQV IRU!NH9IDVWHOHFWURQVHVFDSLQJ IURP WKH WDUJHW
UHDUZKLFKDUHPHDVXUHGLQWKHH[SHULPHQWE\WKH,3VWDFNDQGREWDLQHGIURPQXPHULFDOVLPXODWLRQV
UHVSHFWLYHO\)RU WKH PHDVXUHGRQHRQHSHDN LV QHDU LQ WKHGLUHFWLRQRI ODVHU LQFLGHQFH7KH
RWKHULVQHDULQWKHRSSRVLWHGLUHFWLRQRIODVHUUHIOHFWLRQ)LWWLQJZLWKDFRVLQHVTXDUHGIXQFWLRQ
ZHFDQREWDLQWKHGLYHUJHQFHDQJOHV):+0aDQGIRUWKHHOHFWURQEHDPVDWDQG
UHVSHFWLYHO\ 7KH 3,& VLPXODWHG GLVWULEXWLRQ DOVR KDV WZR SHDNV ZKLFK LV VLPLODU WR WKH
H[SHULPHQWDO PHDVXUHPHQW 7KH VLPXODWLRQV LQGLFDWH WKDW WKH SHDNV DUH PDLQO\ GXH WR WKH
SRQGHURPRWLYH DFFHOHUDWLRQ RI WKH LQFLGHQW DQG UHIOHFWHG ODVHU SXOVHV UHVSHFWLYHO\ 7KH HQHUJ\
VSHFWUDRIWKHHOHFWURQV LQ VLPXODWLRQVVKRZDTXDVLWKHUPDOGLVWULEXWLRQZLWKDWHPSHUDWXUHRIa
0H9LQDJUHHPHQWZLWKWKHVFDOLQJODZRISRQGHURPRWLYHDFFHOHUDWLRQ>@

6HYHUDO SK\VLFDO PHFKDQLVPV EDVHG RQ ODVHUH[FLWHG WUDQVLHQW FXUUHQWV >@ RU SODVPD
ZDYHV>@KDYHEHHQSURSRVHGWRH[SODLQWKH7+]UDGLDWLRQIURPWKHIURQWVROLGVXUIDFH+RZHYHU
WKH\GRQRWDSSO\KHUH6LQFHWKHIRUZDUGIDVWHOHFWURQEHDPFDQSDVVWKURXJKWKHVROLGUHDUVXUIDFH
WKH WUDQVLWLRQ UDGLDWLRQFRXOGEH UHVSRQVLEOH IRU WKHREVHUYHG7+] UDGLDWLRQ IURP WKH UHDU VXUIDFH
>@ $FFRUGLQJ WR WKH PRGHO RI WUDQVLWLRQ UDGLDWLRQ >@ WKH ZDYHOHQJWK UDQJH Ȝ RI FRKHUHQW
WUDQVLWLRQ UDGLDWLRQ LV SUHGLFWHG WR EH ıH]Ȝȡඥߛଶ െ 	?  ZKHUH ıH] LV WKH ORQJLWXGLQDO OHQJWK RI


HOHFWURQ EHDPV ȡ WKH WDUJHW VL]H DQG Ȗ WKH UHODWLYLVWLF /RUHQW] IDFWRU UHVSHFWLYHO\ ,Q RXU FDVH
HOHFWURQVDUHPDLQO\DFFHOHUDWHGE\WKH ODVHUSRQGHURPRWLYH IRUFHDQGWKHFRUUHVSRQGLQJHOHFWURQ
EHDPOHQJWKıH]aFÂĲ/aȝPZKHUHFLVWKHOLJKWYHORFLW\LQYDFXXPDQGĲ/WKHODVHUSXOVHGXUDWLRQ
UHVSHFWLYHO\ 7KHUHIRUH WKH UDGLDWLRQ VKRXOG EH PDLQO\ ZLWKLQ  7+] ZKLFK FRQFXUV ZLWK WKH
H[SHULPHQWDODQGVLPXODWHGUHVXOWV

7KHWUDQVLWLRQUDGLDWLRQZLOOEHHOOLSWLFDOO\SRODUL]HGZKHQWKHHOHFWURQVDUHHPLWWHGRXWRIWKH
GHWHFWLRQSODQHREOLTXHO\>@,QSULQFLSOHWKHSRODUL]DWLRQSURSHUWLHVRIWUDQVLWLRQUDGLDWLRQFDUU\
WKH LQIRUPDWLRQ RI WKH HOHFWURQ GLUHFWLRQ DQG GLYHUJHQFH %\ XVH RI WKH PHDVXUHG GHJUHH RI
SRODUL]DWLRQaIRUWKH7+]UDGLDWLRQDWZHLQIHUWKHGLYHUJHQFHDQJOHRIWKHHOHFWURQEHDP
DWWREHaZKLFKLVFRQVLVWHQWZLWKWKHPHDVXUHGUHVXOW0RUHGHWDLOVRIWKHHVWLPDWLRQDUH
JLYHQLQWKH6XSSOHPHQWDO0DWHULDO>@8VLQJWKHPHDVXUHGHOHFWURQDQJXODUGLVWULEXWLRQZHKDYH
FDOFXODWHGWKH7+]UDGLDWLRQDQJXODUGLVWULEXWLRQZKLFK LVVKRZQDVWKHUHG OLQH LQ)LJF7KH
FDOFXODWHGLVDOVRDQDV\PPHWULFGRXEOHZLQJOLNHGLVWULEXWLRQLQDJUHHPHQWZLWKWKHREVHUYDWLRQ 

7KH PRGHORIWUDQVLWLRQ UDGLDWLRQSUHGLFWV WKDW WKH UDGLDWLRQ LQWHQVLW\ LVFORVHO\GHSHQGHQWRQ
WDUJHW SDUDPHWHUV VXFK DV WKH VL]H DQG GLHOHFWULF SURSHUW\ RI WDUJHWV 7R YHULI\ WKRVH ZH KDYH
LQYHVWLJDWHG WKH 7+] UDGLDWLRQ DV D IXQFWLRQ RIYDULRXV WDUJHW SDUDPHWHUV V\VWHPDWLFDOO\ )LJXUH 
VKRZVWKH7+]UDGLDWLRQIURPWKHȝPWKLFNPDVVOLPLWHG&XWDUJHWVZLWKGLIIHUHQWVL]HV7KH7+]
LQWHQVLW\LVLQFUHDVHGGUDPDWLFDOO\ZKHQWKHWDUJHWVL]HLVLQFUHDVHGIURPîȝPWRî
ȝP7KHUHDIWHULWEHFRPHVVDWXUDWHGIRUODUJHUWDUJHWVL]HV 


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),*0HDVXUHG7+]UDGLDWLRQLQWHQVLW\DWEOXHFLUFOHDQGFDOFXODWHGGLIIUDFWLRQPRGLILFDWLRQIDFWRU'IRU
PDVVOLPLWHGWDUJHWVZLWKGLIIHUHQWVL]HV7KHVROLGDQGGDVKHGFXUYHVDUHREWDLQHGZLWKGLIIHUHQWSDUDPHWHUVȖȜ
ZKHUHȖLVWKHUHODWLYLVWLF/RUHQW]IDFWRURIHOHFWURQVDQGȜWKHUDGLDWLRQZDYHOHQJWKLQȝP

7KHREVHUYHG7+] UDGLDWLRQDVD IXQFWLRQRI WDUJHW VL]HVFDQ EHH[SODLQHG E\ WKHGLIIUDFWLRQ
HIIHFW LQ WKH PRGHO RI WUDQVLWLRQ UDGLDWLRQ 7KH WUDQVYHUVH H[WHQW RI VHOIILHOGV RI UHODWLYLVWLF
HOHFWURQVLVaȖȜ)RUWKHILQLWHWUDQVYHUVHWDUJHWVL]HVPDOOHUWKDQȖȜWKHORQJZDYHOHQJWKWUDQVLWLRQ
UDGLDWLRQ ZLOO EH VLJQLILFDQWO\ VXSSUHVVHG GXH WR WKH PRGLILFDWLRQ RI GLIIUDFWLRQ UDGLDWLRQ 7KH
UDGLDWLRQLQWHQVLW\IURPWDUJHWVZLWKILQLWHVL]HV,ILQLWHFDQEHDSSUR[LPDWHO\H[SUHVVHGDVWKDWIURP
DQ LQILQLWH LQWHUIDFH,WLPHVDGLIIUDFWLRQPRGLILFDWLRQ IDFWRU')RUDUDGLDWRUZLWKD ILQLWHWDUJHW
VL]HRIȡ>@ 

     
  VLQ    VLQ >        @  VLQ  ' - . - .
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ZKHUH -L DQG .L DUH UHVSHFWLYHO\ WKH LWKRUGHU UHJXODU DQG PRGLILHG %HVVHO IXQFWLRQV ׇWKH DQJOH
EHWZHHQWKHREVHUYDWLRQGLUHFWLRQDQGHOHFWURQEHDPGLUHFWLRQ*LYHQWKHEURDGEDQGUDGLDWLRQDQG
HOHFWURQHQHUJ\VSHFWUDLQRXUFDVHZHKDYHFDOFXODWHGWKHPRGLILFDWLRQ IDFWRU'DVDIXQFWLRQRI
WDUJHWVL]HVXQGHUGLIIHUHQWSDUDPHWHUVDVVKRZQE\WKHFXUYHVLQ)LJ:LWKWKHLQFUHDVHRIWDUJHW
VL]HV WKH7+]UDGLDWLRQ LVSUHGLFWHGWRLQFUHDVHVXEVWDQWLDOO\WLOOD WXUQLQJSRLQWDQGVXEVHTXHQWO\
GHFUHDVHWRDFRQVWDQWVDWXUDWLRQYDOXH7KHFRUUHVSRQGLQJWDUJHWVL]HDWWKHWXUQLQJSRLQWLVPDLQO\
GHWHUPLQHG E\ WKH UDGLDWLRQZDYHOHQJWK$VVKRZQ LQ )LJ WKHFDOFXODWHGWUHQGZLWKȜ ȝP
DJUHHVZHOOZLWKWKHH[SHULPHQWDOUHVXOWV 
 
7R IXUWKHU FODULI\ WKH UDGLDWLRQ PHFKDQLVP ZH KDYH SHUIRUPHG H[SHULPHQWV ZLWK GLIIHUHQW
W\SHVRI WDUJHWV)LJXUHDEVKRZVWKH7+]UDGLDWLRQ IURPWKHPHWDO3(WDUJHWVDVDIXQFWLRQRI
WKHWKLFNQHVVRI WKH3(OD\HU7KHGDWDDWȝPFRUUHVSRQGWRWKHSXUHPHWDO IRLOZLWKRXWDQ\3(
7KH7+]LQWHQVLW\GURSVZKHQWKHUHLVDȝP3(OD\HULQWURGXFHGEHKLQGWKHPHWDOIRLO+RZHYHU
ZKHQ WKH 3( WKLFNQHVV LV LQFUHDVHG IURP  ȝP WR  ȝP WKH 7+] HPLVVLRQV LQFUHDVH ILUVW DQG
WKHQGHFUHDVHLQGLFDWLQJWKDWWKHUHH[LVWVDQRSWLPDO3(WKLFNQHVVIRU7+]JHQHUDWLRQ7KHRSWLPDO
WKLFNQHVV IRU UDGLDWLRQDW DQG  LV ȝP UHVSHFWLYHO\
(YHQZKHQWKH3(OD\HULVXSWRȝPWKLFNWKHUHVWLOOUHPDLQVVWURQJ7+]UDGLDWLRQ



&KHUHQNRY UDGLDWLRQ FRXOG RFFXU LQVLGH WKH 3( OD\HU $V D NLQG RI EXON UDGLDWLRQ WKH
&KHUHQNRYUDGLDWLRQVFDOHVDOPRVWOLQHDUO\ZLWKWKHPHGLXPWKLFNQHVV)LJXUHFVKRZVWKH7+]
UDGLDWLRQ IURPVLQJOHOD\HU3(WDUJHWVZLWKGLIIHUHQW WKLFNQHVV:LWK WKH LQFUHDVHRI3(WKLFNQHVV
WKH7+]UDGLDWLRQGHFUHDVHVUDWKHUWKDQLQFUHDVHV7KLVLQGLFDWHVWKDW&KHUHQNRYUDGLDWLRQLVQRWWKH
GRPLQDQWFRQWULEXWRUWRWKH7+]UDGLDWLRQ 


),*DE0HDVXUHG7+]LQWHQVLW\DWEODFNVTXDUHUHGGLDPRQGJUHHQWULDQJOHDQGEOXH
FLUFOHIURPWKHPHWDO3(WDUJHWVDVDIXQFWLRQRIWKHWKLFNQHVVRIWKH3(OD\HUF0HDVXUHG7+]LQWHQVLW\DW
IURP WKH VLQJOHOD\HU3( WDUJHWVZLWKGLIIHUHQW WKLFNQHVV G&RPSDULVRQRI WKH W\SLFDO VLJQDOV UHFRUGHGE\ WKH
7+]GHWHFWRUIURPWKHVLQJOHOD\HU3(UHGGDVKHGDQGWKH3(PHWDOEODFNVROLGWDUJHWVZLWKDȝP3(OD\HU 

7KHWUDQVLWLRQUDGLDWLRQGHSHQGVFULWLFDOO\RQWKHSURSHUWLHVRIWKHWDUJHWYDFXXPERXQGDU\7R
WHVWWKHHIIHFWRIWKHLQWHUIDFHZHKDYHHYHUUHYHUVHGWKHPHWDO3(WDUJHWDQGXVHGWKHODVHUSXOVHWR
LUUDGLDWHWKH3(OD\HUUDWKHUWKDQWKHPHWDOOD\HU)LJXUHGVKRZVWKHW\SLFDOVLJQDOVUHFRUGHGE\
WKH7+]GHWHFWRUDWIRUWKHUHYHUVHG3(PHWDODQGVLQJOH3(WDUJHWVZKHUHERWKWKH3(OD\HUV
DUHȝPWKLFN7KH7+]UDGLDWLRQIURPWKHPHWDOERXQGDU\LVDERXWWLPHVKLJKHUWKDQWKDWIURP
WKHVLQJOH3(ERXQGDU\7KHUHODWLYHGLHOHFWULFFRQVWDQWRIWKH3(DWWKH7+]UHJLPHLVaZKLOH
WKDWRIWKHPHWDOLVPXFKJUHDWHUWKDQRQH>@7KHVWURQJHUHPLVVLRQIURPWKHPHWDOERXQGDU\LVD
     
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GLUHFWPDQLIHVWDWLRQRIWUDQVLWLRQUDGLDWLRQ 

7KHIHDWXUHVVKRZQLQ)LJDEFDQEHLQWHUSUHWHGTXDOLWDWLYHO\E\WKHIRUPDWLRQ]RQHHIIHFW
RIWUDQVLWLRQUDGLDWLRQ7UDQVLWLRQUDGLDWLRQLVQRWHPLWWHGLQVWDQWDQHRXVO\DWWKHLQWHUIDFHEXWRFFXUV
RYHUDIRUPDWLRQOHQJWK>@)RUWKHIRUZDUGUDGLDWLRQLQWKHPHGLXPZLWKDGLHOHFWULFFRQVWDQWRI
İUREVHUYHGDWDQDQJOHׇZLWK UHVSHFW WRWKHHOHFWURQPRWLRQGLUHFWLRQ WKH IRUPDWLRQ OHQJWK/I LV
JLYHQE\ 
  FRVI U
/ EOS H E -                   
ZKHUHȕLVWKHHOHFWURQYHORFLW\QRUPDOL]HGE\WKHOLJKWYHORFLW\LQYDFXXP

)RUWKHPHWDO3(WDUJHWVWKHUHDUHDFWXDOO\WZRWUDQVLWLRQUDGLDWLRQVRXUFHVZKLFKDUHORFDWHG
DWWKHPHWDO3(LQWHUIDFHLQVLGHWKHWDUJHWDQGDWWKH3(YDFXXPLQWHUIDFHDWWKHUHDUWDUJHWVXUIDFH
UHVSHFWLYHO\ :KHQ WKH WKLFNQHVV RI WKH 3( OD\HU LV OHVV WKDQ /I WKH IRUZDUG UDGLDWLRQ IURP WKH
PHWDO3( LQWHUIDFH DQG WKH EDFNZDUG UDGLDWLRQ IURP WKH 3(YDFXXP LQWHUIDFH ZLOO LQWHUIHUH ZLWK
HDFKRWKHU WKXVVXSSUHVVLQJWKHWRWDO IRUZDUGUDGLDWLRQ+HQFH WKHGHWHFWHGUDGLDWLRQGURSVZKHQ
WKHȝP3(OD\HU LV LQWURGXFHGEHKLQGWKHVLQJOHPHWDOIRLO:LWKLQFUHDVLQJWKHWKLFNQHVVRIWKH
3( OD\HU WKH LQWHUIHUHQFHZLOOGLVDSSHDUVJUDGXDOO\&RQVHTXHQWO\ WKH7+] UDGLDWLRQZLOO EHFRPH
VWURQJHU ZLWK WKH 3( WKLFNQHVV WKHUHDIWHU :LWK WKH IXUWKHU LQFUHDVH RI 3( WKLFNQHVV WKH GHWHFWHG
UDGLDWLRQIURPWKHPHWDO3(LQWHUIDFHZLOOEHUHGXFHGGXHWRWKHDEVRUSWLRQRI7+]UDGLDWLRQE\WKH
3( OD\HU 2Q WKH RWKHU KDQG DV WKH HOHFWURQ EHDP SURSDJDWHV LQ WKH WKLFN 3( OD\HU WKH HOHFWURQ
EHDPZLOO EHEURDGHQHGDQGDFFRUGLQJO\ WKH EHDPDPSOLWXGHZLOO EHGHFUHDVHGGXH WRWKHHQHUJ\
GLVSHUVLRQ(OHFWURQVZLWKORZHUHQHUJLHVHYHQFDQQRWUHDFKWRWKHWDUJHWUHDUVXUIDFH7KRVHIDFWRUV
ZLOOOHDGWRDVKDUSGURSRIWKHUDGLDWLRQIURPWKH3(YDFXXPLQWHUIDFH7KHUHIRUHWKHUHZLOOEHDQ
RSWLPDO3(WKLFNQHVV7KLVDJUHHVTXDOLWDWLYHO\ZLWKWKHREVHUYDWLRQ

7KH REVHUYHG RSWLPDO 3( WKLFNQHVV FDQ EH XVHG WR FKDUDFWHUL]H WKH IRUPDWLRQ OHQJWK /I
$FFRUGLQJ WR (T  /I LV GHSHQGHQWRQ WKHREVHUYDWLRQ DQJOHV LH WKH VPDOOHU WKH DQJOHׇ WKH
ODUJHUWKHOHQJWK/I2QHFDQILQG/IDWDQGLV ODUJHUWKDQWKDWDW7KLVH[SODLQVZK\
WKHREVHUYHGRSWLPDO3(WKLFNQHVVDWDQGLVODUJHUWKDQWKDWDWLQ)LJVDE



7KH7+]UDGLDWLRQPHDVXUHGGRHVQRWVKRZREYLRXVFRUUHODWLRQZLWKWKHVKHDWKILHOGIRUPDWLRQ
DQG VXEVHTXHQW LRQ DFFHOHUDWLRQ YLD 716$ )LJXUH D VKRZV WKH LRQ HQHUJ\ VSHFWUD IURP WKH
PDVVOLPLWHG&XWDUJHWVZLWKGLIIHUHQWWDUJHWVL]HV:KHQWKHWDUJHWVL]HLVLQFUHDVHGIURPî
ȝPWRîȝPERWKWKHQXPEHUDQGWKHPD[LPXPHQHUJ\RILRQVDUHGHFUHDVHGVXEVWDQWLDOO\
$ VPDOO WDUJHW ZLOO FRQILQH WKH WUDQVYHUVH UHIOX[LQJ RI IDVW HOHFWURQV UHVXOWLQJ LQ D KLJKHU VKHDWK
ILHOGIRUDORQJHUWLPHDQGHQKDQFHGLRQDFFHOHUDWLRQ>@%XWWKLVLVFRPSOHWHO\GLIIHUHQWZLWKWKH
7+] UDGLDWLRQGHSHQGHQFH RQ WKH WDUJHW VL]HV VKRZQ LQ )LJ  ZKHUH WKH 7+] UDGLDWLRQ WHQGV WR
EHFRPHVDWXUDWHGDVWKHWDUJHWVL]HLVLQFUHDVHG 


),*  D 0HDVXUHG LRQ HQHUJ\ VSHFWUD IURP î ȝP EOXH VROLG DQG î ȝP UHG GDVKHG
PDVVOLPLWHG &X WDUJHWV E ,RQ HQHUJ\ VSHFWUD IURP WKH PHWDO3( WDUJHWV ZLWK GLIIHUHQW 3( WKLFNQHVV 7KH
PD[LPXPHQHUJ\RILRQVIURPWKHȝPDQGȝPWKLFN3(OD\HUEHFRPHVOHVVWKDQWKHORZHUGHWHFWLRQOLPLW
0H9ZKLFKLVFDXVHGE\WKHVKLHOGLQJ$OILOWHUVLQIURQWRI,3

)LJXUHEVKRZVWKHLRQHQHUJ\VSHFWUDIURPWKHPHWDO3(WDUJHWVZLWKGLIIHUHQWWKLFNQHVVRI
WKH3(OD\HU:LWKWKHLQFUHDVHRI3(WKLFNQHVV WKH LRQQXPEHUDQGHQHUJ\GURSUDSLGO\DQGHYHQ
GLVDSSHDUIRUWKHWKLFNQHVV!ȝP:KLOHWKH7+]UDGLDWLRQLVVWLOOHPLWWHGWLOOȝPVHH)LJ
$V IDVWHOHFWURQVRIVSHFLILFGLYHUJHQFHDQJOHVWUDQVSRUWWKURXJKWKLFNWDUJHWVWKHDUHDOGHQVLW\RI
HOHFWURQVDUULYLQJDWWKHUHDUWDUJHWVXUIDFHLVUHGXFHG7KHHVWDEOLVKHGVKHDWKILHOGEHFRPHVZHDN
DQGHYHQWRRZHDNWRDFFHOHUDWHLRQV>@ 

,QWKHH[SHULPHQWUHSRUWHGE\*RSDOHWDO>@DFRUUHODWLRQEHWZHHQWKH7+]\LHOGDQGSURWRQ
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QXPEHUVLVREVHUYHGE\PHDVXULQJWKHLUGHSHQGHQFHRQWKHODVHUHQHUJ\6XFKDFRUUHODWLRQLPSOLHV
WKDWWKH7+]UDGLDWLRQDQG LRQDFFHOHUDWLRQPD\EHGULYHQE\DFRPPRQVRXUFH2XUUHVXOWVVKRZ
WKDW WKH VRXUFH LV WKH IRUZDUG IDVW HOHFWURQV :KHQ WKH IDVW HOHFWURQV SDVV WKURXJK WKH UHDU
VXUIDFHYDFXXPERXQGDU\RIDIRLOWKH\ZLOOQRWRQO\UDGLDWH7+]UDGLDWLRQYLDWUDQVLWLRQUDGLDWLRQ
EXW DOVR VHW XS D VKHDWK ILHOG DFFHOHUDWLQJ LRQV 1HYHUWKHOHVV LW VKRXOG EH QRWHG WKDW WKH ODVHU
FRQWUDVWLQWKHH[SHULPHQWE\*RSDOHWDO>@LVPXFKKLJKHUWKDQWKDWLQRXUFDVH'HVSLWHWKDWWKH
7+] UDGLDWLRQ PHDVXUHG LQ RXU SUHVHQW H[SHULPHQW LV PDLQO\ DWWULEXWHG WR WUDQVLWLRQ UDGLDWLRQ
GLIIHUHQW ODVHUSODVPD FRQGLWLRQV FRXOG UHVXOW LQ WKH FKDQJH RI WKH GRPLQDWHG 7+] JHQHUDWLRQ
PHFKDQLVPV>@

7KHUH DUH VHYHUDO HYLGHQFHV LQGLFDWLQJ WKDW WKH PHDVXUHG 7+] UDGLDWLRQ LV FRKHUHQW )LUVWO\
DIWHU WDNLQJ LQWR DFFRXQW ERWK WKH GHWHFWRU UHVSRQVLYLW\ DQG WKH WUDQVPLWWDQFH RI WKH RSWLFDO
FRPSRQHQWVLQWKHGHWHFWLRQSDWKWKH7+]HQHUJ\PHDVXUHGDWLVaȝ-VULQRXUH[SHULPHQW
,WLVZHOONQRZQWKDWWKH&75LVSURSRUWLRQDOWR H1 ZKLOHWKHLQFRKHUHQWWUDQVLWLRQUDGLDWLRQ,75
VFDOHVZLWK1HZKHUH1HLVWKHHOHFWURQQXPEHU,IWKHUDGLDWLRQZDVJHQHUDWHGE\,751HKDGWREH
DVKXJHDVîWRPDWFKWKHPHDVXUHG7+]HQHUJ\7KLVQXPEHULVXQUHDVRQDEOHDFFRUGLQJWR
WKH ZHOONQRZQ FRQYHUVLRQ HIILFLHQF\ IURP WKH ODVHU HQHUJ\ WR WKH IDVW HOHFWURQV:KLOH WKH &75
PRGHOJLYHVDUHDVRQDEOH1Haî6HFRQGO\WKH,75LVLQGHSHQGHQWRQWKHWDUJHWVL]HDQGLWV
VSHFWUXPLVIODW>@:KLOHLQWKHH[SHULPHQWWKH7+]UDGLDWLRQLVIRXQGWREHVWURQJO\DIIHFWHGE\
WDUJHWVL]HVVHH)LJDQGWKHPHDVXUHGVSHFWUXP LV IUHTXHQF\GHSHQGHQW>VHH)LJD@7KRVH
IHDWXUHV FDQ EH ZHOO H[SODLQHG E\ WKH PRGHO RI &757KLUGO\ WKH IRUPDWLRQ]RQH HIIHFW LV IRXQG
ZLWKWKHPHWDO3(WDUJHWVZKLFKRQO\RFFXUV IRUFRKHUHQWUDGLDWLRQ7KRVHHYLGHQFHVVXJJHVW WKDW
WKHPHDVXUHG7+]UDGLDWLRQLV&75

*LYHQ WKH H[SHULPHQWDO REVHUYDWLRQ DQG WKH WKHRUHWLFDO PRGHO RI&75 ZH HVWLPDWH WKH WRWDO
7+]HQHUJ\IURPWKHUHDUVLGHRIPHWDOIRLOVWREHaȝ-SXOVHXQGHURXUH[SHULPHQWDOFRQGLWLRQV
DQGWKHFRUUHVSRQGLQJHQHUJ\FRQYHUVLRQHIILFLHQF\IURPWKHODVHUWR7+]UDGLDWLRQLVaî7KH
PHDVXUHG7+]HQHUJ\KDVDSSURDFKHGWKHHQHUJ\OHYHORIWKHVWDWHRIWKHDUW7+]VRXUFHVEDVHGRQ
FRQYHQWLRQDOOLQHDUDFFHOHUDWRUV>@
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